We investigate the fiber parameters that meet the design conditions for low bending loss and an effectively few-mode operation on few-mode fibers with a step-index profile and a W-shaped refractive index profile for mode-division multiplexing transmission. We also clarify the limits of effective area enlargement and the difference of the effective index while satisfying the design conditions. Index Terms: Mode-division multiplexing, few-mode fiber, effective area, difference of the effective index.
Introduction
Since the data traffic continues to increase rapidly, large transmission capacity will be highly required for optical fiber communication systems. As one of the spatial multiplexing techniques, mode-division multiplexing (MDM) transmission has been attracted as new generation optical fiber communication systems in order to realize large transmission capacity. Many MDM transmission systems using few-mode fibers (FMFs) have been proposed [1] - [4] . Additionally, enlarging the effective area ðA eff Þ is beneficial in reducing the nonlinear effects which degrade the transmission characteristics. Several fiber designs with large A eff have also been proposed [5] , [6] . However, a study on the limits of A eff enlargement on FMFs for MDM transmission is still not sufficient.
In MDM transmission, the crosstalk by mode coupling is also the subject of further study. The crosstalk between propagation modes can be compensated by multiple input multiple output (MIMO) digital signal processing (DSP), but the complexity and power consumption of the MIMO-DSP increases with getting higher the differential mode delay (DMD). Therefore, using the graded-index FMFs with low DMD is the preferred approach [7] , [8] . However, detailed design and precise fabrication process are required to realize desired characteristics. In contrast, by increasing the difference of the effective index ðÁn eff Þ between propagation modes, it is possible to avoid the mode coupling. Hence, using the step-index FMFs with large Án eff is the second preferred approach [9] . We adopt the second preferred approach, which is using the step-index profile and the W-shaped index profile due to the ease of design and fabrication.
In regards to the number of propagation modes, Ref. [9] supports four-Linearly Polarized (LP)-mode such as LP 01 , LP 11 , LP 21 , and LP 02 . However, both LP 01 and LP 02 modes have a field distribution having a peak in the center of the core. Therefore, in addition to the mode coupling in transmission fiber, the mode conversion occurs at the connection part. Furthermore, the Án eff between LP 21 and LP 02 modes is small.
In this paper, we investigate the fiber parameters that support two-or three-LP-mode under constraints on the bending characteristics of the modes, the limits of A eff enlargement, and the Án eff . Through detailed numerical simulations based on the finite-element method (FEM) [10] , we find that two-mode W-shaped-index fiber (WIF) can push the A eff limit to much larger values as compared to two-mode step-index fiber (SIF). Additionally, we also show that three-mode SIF cannot meet design conditions, but WIF realizes three-mode transmission.
Core Design
Schematic cross sections of SIF and WIF are shown in Fig. 1(a) and (b), respectively. The SIF's parameters are the core radius a, the refractive index of the core n core , and the refractive index of the cladding n clad . The WIF structure is characterized by three step-index areas, with a low refractive index region surrounding the core region. Such an area is characterized by radius b and refractive index n low . Here, the relative refractive index difference between the core and the cladding is defined as Á þ ¼ ðn 
Two-Mode Fiber Design

Design Condition
We investigate the region satisfying design conditions for two-LP-mode transmission over the C þ L band from 1530 nm to 1625 nm. Here, we clarify the effective region by using not the normalized frequency V [9] but the difference of the bending loss (BL). There are two requirements to ensure two-mode transmission. The first requirement is the elimination of the unexpected modes such as LP 21 and LP 02 modes. In order to guarantee the two-mode operation, the BL of LP 21 mode, which is the high-order mode next to LP 11 mode, is required to be larger than 1 dB/m at 1530 nm when the bending radius equals 140 mm. The BL includes the leakage loss. The second is the low BL of the propagation modes such as LP 01 and LP 11 modes. In reference to ITU-T recommendations G.654, the BL of LP 11 mode, which is one of the propagation modes, is required to be less than 0.5 dB/100 turns at 1625 nm when the bending radius equals 30 mm [11] . In this paper, we refer to not ITU-T recommendations G.652 but G.654 because we assume the cut-off shifted fibers with 1550 nm central wavelength. index difference between the low refractive index region and the cladding Á À ¼ À0:40%, respectively. The solid blue curve indicates that the BL of LP 21 mode equals 1 dB/m. The BL of LP 21 mode is larger than 1 dB/m below the blue curve. Therefore, the cut-off of LP 21 condition is satisfied below the blue curve. The solid red curve indicates that the BL of LP 11 mode equals 0.5 dB/100 turns. The BL of LP 11 mode is less than 0.5 dB/100 turns above the red curve. Therefore, the low BL of LP 11 condition is satisfied above the red curve. Additionally, the BL of LP 01 mode is approximately one ten-thousandth compared to that of LP 11 mode in two-mode SIF and WIF. Therefore, both propagation modes are low BL in the region satisfying design conditions. From Fig. 2(a) , we find that core radius of approximately 8.5 m is achievable in two-mode SIF. This value is nearly double than that of the conventional single-mode SIF. From Fig. 2(b) , when we fix b=a ¼ 1:50 and Á À ¼ À0:40%, we find that core radius of approximately 10.2 m is achievable in two-mode WIF. This value is larger than that of two-mode SIF. Fig. 3 shows variation of A eff of (a) LP 01 and (b) LP 11 modes at 1550 nm as a function of the core radius a and the relative refractive index difference between the core and the cladding Á þ in twomode SIF. The solid blue and red curves are defined as before. From Fig. 3(a) and (b), we find that A eff of much larger than 100 m 2 can be realized for both propagation modes under satisfying design conditions. The limits of A eff enlargement of LP 01 and LP 11 modes are 181 m 2 , 275 m 2 , respectively.
Limit of A eff Enlargement
In WIF, we need to control b=a so that the core radius becomes maximum. The enlargement of the core radius leads to the enlargement of A eff . We investigate the maximum core radius under satisfying design conditions when b=a varies from 1.00 to 2.25. Fig. 4(a) shows structural parameter From Fig. 4(a) , if we fix Á À ¼ À0:30 and À0:35%, the core radius becomes maximum when b=a ¼ 1:75, whereas we fix Á À ¼ À0:40, À0:45%, the core radius becomes maximum when b=a ¼ 1:50. Here, the structure of b=a ¼ 1:00 is corresponding to SIF. Therefore, we find that the core radius of two-mode WIF is larger than that of two-mode SIF. Fig. 4(b) shows the maximum A eff of LP 01 and LP 11 modes at 1550 nm as a function of b=a in two-mode WIF. The solid and dashed lines indicate the maximum A eff of LP 01 and LP 11 modes, respectively. From Fig. 4(a) and (b) , when the structural parameters are set to b=a ¼ 1:50, Á À ¼ À0:40%, a ¼ 10:2 m, and Á þ ¼ 0:28%, the limits of A eff enlargement of LP 01 and LP 11 modes, are 206 m 2 , 285 m 2 , respectively. This maximum value is larger than that of two-mode SIF in the region satisfying design conditions. However, fibers with large A eff are known to be microbending sensitive. For instance, Ref. [12] indicates that micro-bending loss of the SIF with A eff of 160 m 2 is larger than 100 dB/km. Therefore, Ref. [12] also indicates that trench-assisted profiles reduce the micro-bending loss to one tenth compared to the SIF. Additionally, Ref. [13] proposes that fibers with air-holes around the fiber edge suppress the micro-bending loss. From these viewpoints, the limit of A eff enlargement in consideration of the micro-bending loss is a future work.
Effective Index Difference Án eff
Other characteristic to be considered for FMFs is the mode coupling between propagation modes. Mode coupling depends on a lot of factors, including mode profiles and fiber fabrication. It is known that the large Án eff minimizes the mode coupling. Ref. [14] proposes Án eff of 0.0005 for the minimum value. In contrast, Ref. [15] , [16] indicate that the mode couplings of the fibers with Án eff of 0.0013, 0.0028 are 18.2 dB for 500 m ð3:64 Â 10 À2 dB/mÞ, 25 dB for 30 km ð8:33 Â 10 À4 dB/mÞ, respectively. Fig. 5 shows variation of Án eff at 1550 nm between LP 01 and LP 11 modes in two-mode (a) SIF and (b) WIF with b=a ¼ 1:50 and ÁÀ ¼ À0:40% as a function of the core radius a and Á þ . The solid blue and red curves are defined as before. From Fig. 5(a) and (b) , we can see that the Án eff in two-mode SIF and WIF are more than approximately 0.0016, 0.0012, respectively. There is a trade-off between Án eff and A eff . Therefore, we should chose the structure to satisfy desired conditions of Án eff or A eff .
Three-Mode Fiber Design
Design Condition
We investigate the region satisfying the design conditions for three-LP-mode transmission over the C band from 1530 nm to 1565 nm or C þ L band from 1530 nm to 1625 nm. The design conditions are the cut-off of LP 02 and the low BL of LP 21 . The cut-off of LP 02 means that the BL of LP 02 mode, which is the high-order mode next to LP 21 mode, is required to be larger than 1 dB/m at 1530 nm when the bending radius equals 140 mm. The low BL of LP 21 means that the BL of LP 21 mode is less than 0.5 dB/100 turns at 1565 nm or 1625 nm when the bending radius equals 30 mm. Fig. 6 shows structural parameter dependence of design conditions in three-mode (a) SIF and (b) WIF with b=a ¼ 2:00 and Á À ¼ À0:45%. The solid blue curve indicates the upper limit of the BL of LP 02 mode and the solid and dashed red curves indicate the lower limits of the BL of LP 21 mode at 1565 nm and 1625 nm, respectively. From Fig. 6(a) , we find that the structure satisfying the design conditions does not exist in three-mode SIF. This is because there is not much difference of the propagation constants between LP 21 and LP 02 modes in SIF. Therefore, the difference of the BL between them also becomes small and cannot satisfy the design conditions. As a solution, we employ WIF. From Fig. 6(b) , it is evident that a WIF structure satisfying the design conditions over C band exists.
Limit of A eff Enlargement
We evaluate the limits of A eff enlargement in three-mode WIF over C band. Fig. 7(a) shows structural parameter to satisfy design conditions for three-mode WIF. The solid lines indicate the upper limits of the core radius a. The dashed lines indicate the lower limits of Á þ . From Fig. 7(a) , we find that the core radius becomes maximum when we fix b=a ¼ 2:25. Fig. 7(b) shows max A eff of LP 01 , LP 11 , and LP 21 modes at 1550 nm as a function of b=a in three-mode WIF. The solid, dashed and one dashed-dot lines indicate the maximum A eff of LP 01 , LP 11 , and LP 21 modes, respectively. From Fig. 8(a) and (b) , when the structural parameters are set to b=a ¼ 2:25, Á À ¼ À0:50%, a ¼ 6:3 m, and Á þ ¼ 0:76%, the limits of A eff enlargement of the LP 01 , LP 11 , and LP 21 modes are 83 m 2 , 117 m 2 , 125 m 2 , respectively. The maximum A eff of LP 01 mode is similar to that of conventional SIF. Further enlargement of A eff in three-mode fiber is the subject for future analysis. 
Effective Index Difference Án eff
In three-mode transmission, we need to evaluate the Án eff between each propagation modes. Fig. 8 shows variation of Án eff at 1550 nm (a) between LP 01 and LP 11 modes, (b) between LP 11 and LP 21 modes in three-mode WIF with b=a ¼ 2:25 and Á À ¼ À0:50% as a function of the core radius a and Á þ . The solid blue and red curves are defined as before. From Fig. 8(a) and (b), we can see that the Án eff in three-mode WIF between each propagation modes are more than approximately 0.003, 0.008, respectively. In contrast, the DMD of SIF and WIF are quit larger than that of gradedindex fiber, which may result in requiring higher DSP complexity at the MIMO equalizers when we compensate for the mode crosstalk occurred at a mode-multiplexer/demultiplexer or splice points. However, Ref. [17] proposes an MDM system with reduced complexity MIMO processing, whose computational complexity is independent of the DMD value of the fiber. Therefore, we believe that DSP complexity can be kept low even with high DMD fibers such as SIF and WIF, when adopting the equalizer described in [17] .
Conclusion
The region satisfying design conditions for two-or three-mode transmission has been investigated. We have also evaluated the limits of A eff enlargement and the Án eff between propagation modes in two-mode SIF, two-mode WIF, and three-mode WIF. Through detailed numerical simulations, we found that the A eff larger than 200 m 2 can be realized for both modes in two-mode WIF. Additionally, we have also clarified that three-mode SIF cannot meet design conditions, but WIFs satisfy three-mode transmission condition. Furthermore, by adopting other structures, enlargement of the region satisfying three-mode transmission condition is the subject for future analysis. 
